Genomic diversity based on 13 short tandem repeat (STR) loci was studied in seven population groups of a substructured Golla caste from Chittoor district in southern Andhra Pradesh, India. These groups are traditionally pastoral, culturally homogeneous, and strictly endogamous. Blood samples were drawn from 317 individuals from 30 Golla villages. The 13 STR loci analyzed in five standard multiplex polymerase chain reactions were: (1) CSF1R, TH01, and PLA2A; (2) F13A1, CYP19, and LPL; (3) D21S1446 and D21S1435; (4) D20S481, D20S473, and D20S604; and (5) D5S1453 and D6S1006. The average heterozygosity was found to be low among the Golla subgroups (0.64-0.70) in comparison to that of groups at the upper levels of the hierarchy. The coefficient of gene differentiation was found to be moderate (average G ST = 0.031; range between 0.018 and 0.049 among the loci) when compared to that observed for a similar class of markers among populations with relatively higher levels of hierarchy, for example, among castes. It is, however, much higher when compared to the average observed for Indian caste and tribal populations, based on classical markers. Genetic distance measures revealed clusters of populations that are consistent with the known ethnohistorical and geographical backgrounds of the groups. We claim that these hypervariable markers are quite useful in understanding the process of substructuring within the Indian castes, leading to the formation of smaller breeding isolates, the basic Mendelian units within which microevolutionary forces operate.
ulation is subdivided into tribes and castes, while the castes are further divided along geographic, linguistic, and religious lines. However, unique and fundamental to the Indian population structure is the existence of endogamous subcastes within many of these castes in any particular region or linguistic area. These subcastes are usually characterized by a high degree of isolation, small effective population size, and high intensity of inbreeding. These conditions are both conducive and prerequisite to the process of rapid genetic microdifferentiation. In most cases, these subcastes have likely evolved from a common parental stock as a result of different processes of fission. For example, Basu (1969) , Malhotra (1978a and 1978b; 1979) , Reddy (1982) , and Reddy and Gadgil (1999) have documented many such processes among the Indian castes. However, given that the caste system in India is only 2000 to 3000 years old, the evolutionary history of these subpopulations might have been relatively short. Nevertheless, it is basically at this level of Mendelian units that the forces of evolution operate, and hence it is imperative to study microevolution among such populations. Many earlier attempts have been made to understand microdifferentiation among such populations using traditional markers as well as other biological variables (Karve and Malhotra 1968; Basu 1969; Malhotra 1978a and 1978b; Malhotra et al. 1978; Reddy et al. 1987 Reddy et al. , 1989 Reddy et al. , 1995 Murty et al. 1993; Sirajuddin et al. 1994; Ramana et al. 1996) . However, the resolving power of such markers is expected to be low and unreliable, especially at the level of endogamous subcastes.
With the identification of highly variable DNA markers, particularly the short tandem repeat (STR) sequences, and with the development of rapid screening techniques using polymerase chain reaction (PCR) amplification, the possibilities of understanding genetic structure and microdifferentiation accurately among the local subdivided populations have brightened enormously. STRs are a subclass of microsatellite loci whose repeat motifs are 2 to 6 base pairs (bp) long. The properties associated with STR loci, such as high mutation rates (∼ 1/1000 gametes; Weber and Wong 1993) , large number of alleles, high heterozygosities, and frequent occurrence in the genome, make them useful markers for studying genetic microdifferentiation among such populations. In fact, many successful attempts have been made to use this class of markers for understanding the evolutionary relationships among global populations, both at the racial and the continental levels (Deka et al. 1995; Nei and Takezaki 1996; Jorde et al. 1997; Shriver et al. 1997 ). An attempt has also been made recently to decipher the patterns of population substructure at the continental and global levels using STR markers (Eller 1999) . However, to the best of our knowledge, their use in understanding the short evolutionary history at the level of subcastes has yet to be tested. It is with this primary objective that we analyzed 13 STR loci in the seven Golla subcastes. We report here the findings on the nature and extent of gene diversity among the subpopulations in comparison to those at the higher levels of caste hierarchy.
Materials and Methods

Population.
The Gollas are the great pastoral caste of Telugu people of Andhra Pradesh. Tradition traces their descent from Lord Krishna (Thurston 1909) . Their traditional occupation has been tending sheep and cattle and selling milk, although many of them have now acquired land and engage in agriculture as well. The Gollas are distributed throughout Andhra Pradesh. People belonging to this tradition are also found in other parts of India, in different linguistic and geographical areas. They are known by different names and probably have different origins.
Extensive interviews with the elders of this community suggest that there are supposed to be 12 endogamous subcastes within the Gollas. Thurston (1909) noted only nine such sects, probably because the distributions of some of these subcastes are highly localized and have escaped the attention of the ethnographer. We encountered only seven such groups in our exploratory survey covering a large area, and none of the elders of this community could give a complete list of all 12 subcastes. However, these people still retain their traditional patterns intact and maintain a high degree of endogamy within the subcastes. The exchange of mates between Golla subcastes has just started, so it is restricted to the youngest generation. It is still found to be <1% per generation, as the preliminary investigations during the blood collection revealed. Like all other traditional populations of southern India, Gollas prefer consanguineous marriages and village endogamy, with marriage contacts usually restricted to a small radius. Crude estimates of the inbreeding coefficient, based on the consanguinity status of the parents of subjects from whom blood samples were collected, range between 0.0175 among the Karnam to 0.0354 among the Pokanati, with an average of 0.0272 for the Golla. We therefore restricted our study to a culturally homogeneous area called Chittoor district in Andhra Pradesh and collected samples from all the subgroups found in this area. We found seven subcastes in this area, including the Kurava, whose position among the Gollas is currently disputed. Each subcaste is distinguished by a unique variant of their traditional occupation, as well as by certain microcultural variations in dress pattern and marriage ceremonies. Barring Thurston's (1909) ethnographic account, there is very little that can be drawn from literature on the ethnography and origin of these people. The impressions gathered from the elders of the community also did not provide any clear answers.
Blood Samples.
With the help of trained lab technicians 5-10 mL of intravenous blood was drawn into 15-mL centrifuge tubes, using EDTA as anticoagulant, from a total of 317 unrelated adults. These subjects belonged to seven subcastes (Table 1 ) and were drawn from 30 villages distributed in 9 taluks (an administrative or revenue unit below the level of a district) of Chittoor district (Figure 1) . The blood samples were stored in Thermocol boxes filled with suffi- cient ice and transported every second day to the Human Genetics Laboratory at the Medical College of Madras University where buffy coats were extracted. DNA was extracted from the buffy coat spots on filter paper using the protocol Chelex 100 developed by the US Federal Bureau of Investigation.
DNA Analysis.
The 13 STRs were analyzed in five standard multiplex PCR reactions: (1) CSF1R, TH01, and PLA2A; (2) F13A1, CYP19, and LPL; (3) D21S1446 and D21S1435; (4) D20S481, D20S473, and D20S604; and (5) D5S1453 and D6S1006. Twenty-five to fifty nanograms of DNA were amplified in a total volume of 25 µL reaction mixture containing standard PCR buffer (10 mM Tris-HCl, pH 8.3; 50 mM KCl; 1.5 mM MgCl 2 ), 200 µM each dNPT, 1 unit of Taq DNA polymerase, and 1 µM of each primer. The amplified products were separated on 6% denaturing polyacrylamide gels. Following electrophoresis, the gels were stained using a silver staining kit (Promega). Known size standards were run in four lanes in each gel for determination of allele sizes. The repeat sizes were determined by sequencing a subset of alleles (CSF1R, TH01, PLA2A, F13A1, CYP19, LPL, D20S473) or inferring from GenBank sequences (D13S124, D21S1435, D20S481, D20S604, D5S1453, and D6S1006) . Alleles at these loci have been designated by the size (in base pairs) of their PCR product and their corresponding repeat numbers. Fragment sizes at the D21S1446 (a tetranu- Map showing the location of the study area in Andhra Pradesh and the 30 villages from which the blood samples were collected. The village numbers and the abbreviated population names are given in the map. The explanations of the population abbreviations can be found in Table 1. cleotide repeat) locus do not always correspond to a 2-bp and 4-bp increment, respectively. Therefore, alleles at this locus could not be assigned repeat numbers. Whereas PLA2A1, D20S473, D5S1453, and D6S1006 are trinucleotide repeats, the remaining nine loci are tetranucleotide repeats.
Statistical Analysis. Allele frequencies were computed using the gene-counting method (Li 1976) . Pairwise genetic distances were computed using the modified Cavalli-Sforza distance (D A ) of Nei et al. (1983) . Although this genetic distance measure is not linear with evolutionary time, it is observed to be most efficient for obtaining correct phylogenetic trees under various evolutionary conditions, and also is least affected by small sample size . The distances were also obtained using the stepwise-weighted genetic distance measure (D SW ) of Shriver et al. (1995) developed exclusively to suit microsatellite loci. The G ST values and heterozygosities were computed and a neighbor-joining (NJ) tree (Saitou and Nei 1987) and an unweighted-pair-group-with-arithmetic-mean (UPGMA) tree were drawn using the program supplied by Dr. Takezaki of the National Institute of Genetics, Mishima, Japan. Since we are dealing with subgroups of a single caste with a relatively recent history of separation, the allele size variance was not considered in the estimation of G ST , because the error of estimating such a value would be very large . The regression model of Harpending and Ward (1982) was applied to the STR data to study the possible effects of stochastic processes and admixture on these populations. According to this model, the average heterozygosity of the i th population (H i ) should be equal to the overall mean heterozygosity of the entire population (in this case, of all the Golla populations) H t , multiplied by (1 -r ii ), where r ii is the genetic distance of a particular population from the gene frequency centroid. If gene flow from outside the region varies in amount from population to population, this linear relationship no longer holds. Isolated groups will be less heterozygous than the linear prediction and hence lie below the expected regression line, whereas populations receiving more gene flow from outside will be more heterozygous and therefore lie above the regression line.
Results
Allelic Distributions. Allele frequency distributions at the 13 STR loci in the seven Golla subpopulations are presented in Table 1 . As mentioned in the Methods section, we have designated the alleles in terms of their exact repeat number. Although a detailed, comprehensive, locus-by-locus presentation of allele frequencies is not the objective, some salient features are noteworthy. Of the 13 loci, CSF1R, PLA2A, CYP19, LPL, and D20S473 present a generally uniform pattern of allelic distributions and could be categorized as least variable. As expected, the G ST values are the lowest at these five loci, with a range of 1.8% to 2.5%. F13A1, D20S481, D6S1006, D5S1453, D21S1446, and D21S1435 show a moderate level of interpopulation variation. In general, although the seven Golla subpopulations share the same common alleles, and also in most cases the most predominant allele is the same, there are wider differences in allele frequencies at these loci. The G ST values range between 3.1% and 3.8%. TH01 and D20S604 are the most variable among the studied loci and significant interpopulation differences are observed. Notably, the G ST s are the highest at these two loci, 4.9% and 4.1%, respectively. In spite of such local differences, however, the Gollas share the same common alleles with other global populations (Deka et al. 1999) .
Locus and average population heterozygosities computed based on allele frequencies are presented in Table 2 , along with the G ST values that indicate the degree of differentiation among the subpopulations. The average heterozygosities that reflect within-population heterogeneity are very similar among the subpopulations and vary between 0.64 and 0.70. Among the loci, D20S481 shows the highest levels of heterozygosity in the populations (0.653-0.834) and D6S1006 the lowest (0.27-0.626). The coefficient of gene differentiation is moderate (G ST = 0.031 ± 0.0025) at 3.1%. However, as stated earlier, there is considerable het- Figure 2 . Although there are certain minor differences in the clustering pattern based on D A and D SW , the correspondence between the two matrices is very high as revealed by the Mantel test (r = 0.814, p = 0.0024). However, all four tree diagrams consistently suggest much earlier separation, hence distinctness, of the Kurava, whose position among the Gollas is disputed, from the rest of Golla subpopulations. Branch length of the Kurava is much larger when compared to that of the other Golla subpopulations. The other feature that emerges is the fact that there is a major split of Punugu and/or Puja from the remaining four Golla subgroups among whom the subclustering was primarily on the basis of geographic proximity. While the two geographically contiguous Erra and Pokanati form a subcluster, the Doddi and Karnam, distributed mostly in the western parts of the district, form another subcluster. However, the Mantel test does not suggest any significant overall correspondence between the average geographic distance matrix and the genetic distance matrices, D A (r = -0.224, p = 0.76) and D SW (r = -0.065, p = 0.56), of the Golla populations. Given that the Golla populations live within a small geographical area, such a systematic pattern of association with the genetic distances cannot probably be realized.
The Harpending and Ward (1982) method of regression of mean-per-locus heterozygosities against the distance from the centroid of the allelic distribution provides insight into the relationship between systematic (primarily gene flow) and nonsystematic (genetic drift) pressures acting on subdivided populations. The regression plot of mean heterozygosity versus the r ii of the seven Golla popula- Neighbor-joining and UPGMA trees based on the D A and D SW distances among the seven Golla subgroups.
tions is presented in Figure 3 , which indicates that Puja has the lowest heterozygosity and a relatively high r ii value, suggesting that this population differentiated as a result of stochastic processes. While Kurava exhibits high distance from the centroid, it also has a relatively high heterozygosity level, suggesting that this population experienced both admixture and the effect of stochastic processes.
Karnam and Erra are both above the regression line, and most likely the allelic frequencies were sculpted by gene flow.
Discussion
India offers immense scope to study the processes of subdivision and their microevolutionary significance. However, this traditional structure of Indian populations is currently facing threat of disintegration as a result of urbanization, increasing communication, and the growing acceptance of marriages between subcastes. Therefore, there is an urgent need to understand this traditional population structure and study its role in shaping human genome diversity in India. The rapid divergence that the hypervariable DNA loci, particularly the STRs, are supposed to undergo brightens this possibility. Towards meeting this goal the present study makes a modest beginning. We consider this study unique in the sense that these local breeding populations represent the most fundamental units of microevolution, and at this level of hierarchy no such studies have yet been attempted using molecular genetic markers.
Not only are these populations strictly defined endogamous units, but they are also likely to have originated from a common ancestral source in the recent past, hence their evolutionary history is short. Yet, we have observed considerable variation in the allele frequency of the populations at different loci, and the G ST values suggest relatively high discrimination (3.1%) among the subgroups, supporting a history of subcaste endogamy. In fact, the average G ST observed for the Indian populations (both castes and tribes) for traditional markers is only about The plot of mean heterozygosity versus the distance from the gene frequency centroid of the Golla populations and the theoretical regression line.
1.5%. Based on 6 of the 13 STR loci included in the present study, Deka et al. (1995) observed much lower levels of genetic differentiation among the populations of major races and/ or continents, although a much higher degree of differentiation among American Indian populations and Pacific Islanders. They attributed this to smaller population sizes and greater isolation of the Amerindians. Relatively speaking, our populations represent much lower levels of population hierarchy and a short history of separation and isolation. Our findings, therefore, can be considered as consistent in the above context. The within-group heterogeneity as reflected by average heterozygosities is relatively small in our populations (< 0.70) and comparable to those among the Amerindians and Pacific Islanders, in reciprocal relationship with the degree of between-group differentiation as suggested by the G ST s. Mukherjee et al. (1999) recently reported genetic diversity based on four STR loci among the eight Indian populations, ethnically and geographically quite diverse and with a much higher level of substructure compared to the Gollas. However, only 2 of the 4 loci they included were common among the 13 loci we studied. Yet the average G ST value is found to be only about 1% higher than that observed for Gollas at the lowest level of caste substructure (4.1% against 3.1%). While this average pattern is truly reflected at one of the two common loci (TH01, 6% against 4.9%), a much higher level of differentiation is evident at the CFF1R locus in the case of the former (6.2% against 2.4% among the Gollas).
On the other hand, that the position of the Kurava population among the Gollas is disputed, despite their occupational and cultural similarity, is vindicated in the largest genetic distances observed between the Kurava and the other Golla subpopulations. It appears from the clustering pattern and branch lengths emerging from both the NJ and UPGMA trees that the Kuravas and a major ancestral population of the present-day Golla subpopulations might have diverged relatively early so as to overwhelm the sociocultural identity between them. Hence, the genetic pattern based on the 13 STR loci may even be said to suggest a separate origin of the Kurava caste, distinct from the ancestral population of the presentday Gollas.
The seminomadic Golla populations have traditionally subsisted on large herds of sheep and goat, moving seasonally in search of better grazing lands. Such traditional populations are usually guided in such sociocultural behaviors as marriage alliances by the customary laws of the community. Increase in size of such traditional populations often led to dispersal to a wider geographical territory, threatening group solidarity and cohesion as communication became more difficult. Coupled with a violation of certain traditional norms, such as those concerning marriage, by certain members of the community, this dispersal might have led to further subdivisions within the population. Judging from the NJ and UPGMA trees constructed on the basis of pairwise genetic distances, the most likely scenario would have been the one depicted in the schematic diagram (Figure 4) . It suggests that there had been a major split among Gollas with Punugu and/ or Puja on the one hand and the remaining groups on the other. One of these splinter groups, Puja/Punugu, with population expansion and increasing pressure on the grazing fields for their livestock, might have moved to different directions looking for new and vacant habitats (which they tend to do even today, but only seasonally), settling ultimately in some of those places. At least two such founding populations, eastern and western, might have resulted in the process. The Erra and Pokanati, distributed in the eastern parts of the district, and the Doddi and Karnam, distributed in the western parts, might have been the offshoots of those two regional groups, involving certain processes of fission. For example, most elders of this community think that the Erra Gollas are the descendents of unions involving a Golla woman and a Brahmin man. To substantiate this, they say that traditionally Erra Gollas wore sacred thread and ate only vegetarian food as Brahmins do. It was not uncommon that people involved in such unions were ostracized by their respective communities, forcing them to form a separate endogamous group as was documented in certain other seminomadic groups of western India (Malhotra 1978b; 1979) . Similarly, while the Doddi Gollas are supposed to be closely associated with their flock of sheep, even today the Karnams are traditionally given the added responsibility of guarding government and temple treasuries. In addition, certain families within the Karnam caste have been traditionally assigned the job of village municip (revenue collector of the village), which was a hereditary job. The person performing this job carried the title "Reddy," which was otherwise associated with members of another agricultural caste in the state. All those Karnam family members currently carry this title and apparently restrict marriages among such families. Such occupational divergence might have led to endogamous subdivision within the western group, as was noted earlier in other occupational groups, for example, the marine fishermen of the Karnataka coast (Reddy and Gadgil 1999) . It is therefore plausible to surmise that some of these processes might have been responsible for the formation of endogamous regional subunits, despite their contiguous and/or overlapping distributions, as is the case with Erra and Pokanati, and Doddi and Karnam, or even the Puja and Punugu, albeit at different times. Assuming that the genetic distances obtained are linear with the time scale, branch lengths observed in NJ and UPGMA trees suggest a relatively much later differentiation from a common stock of Erra and Pokanati, and Doddi and Karnam when compared to the other three groups-the Puja, Punugu, and Kurava. Further insights into their population structure should await analysis of remaining Golla DNA samples for mitochondrial DNA and Ychromosome microsatellite markers. For example, analyzing those markers Bamshad et al. (1998) concluded that the genetic stratification of Telugu castes was based on the social mobility of females, not males. It is very well known that even within a caste cluster or within subcastes of India a clearly stratified hierarchy exists. Nevertheless, at this stage it may be said that the insights offered by the results of the application of the Harpending and Ward (1982) regression model conform to the conjectures made above. For example, the alien Kurava on the one hand, and the Erra and Karnam populations with some indications of external gene flow on the other, present themselves above the theoretical regression line, whereas the remaining four groups lie below the line. Furthermore, the Kurava population, with its greater antiquity and the Puja, a small isolated population, lie above and below the line, respectively, as marked outliers, suggesting larger effect of gene flow and genetic drift, respectively. To conclude, we may say that the 13 STR loci of the populations studied provide useful insights into understanding the population structure and genetic microdifferentiation among substructured local populations with a relatively short evolutionary history. Although a larger number of loci may provide greater confidence in drawing the inferences on the short-term evolution of such populations, there is no doubt that this class of hypervariable loci offers new hope of understanding microvariations at the local level more accurately than have traditional genetic and other biological variables.
